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Ibc application of molecular genetics to humaD biology and 
disease has improved out imderstanding of and ability to treat 
a variety of disease* Somatic gene therapy with the introduc- 
tion of recombinant genes requires efficient gene transfer, ei- 
ther via viral or oonvira! methods. Despite the progress in vitro 
and m wo m this field during the last decade, clinical trials 
involving patients with a variety of disorders have not led to 
successful treatment protocols (21, 22, 33, 63). Problems with 
effective gene transfer include loss of transgene and i mmune 
responses directed against transgene and viral protein expres- 
sion by adenovirus vectors (10, 16, 17), the limitation of retro- 
viral gene transfer in dividing cells, and the low in vivo effi- 
ciency of gene transfer with adeno-associated vims vectors (1, 

Any successful form of gene therapy must combine not only 
an appropriate disease target bm also a gene delivery system 
that is highly efficient on a large scale and guarantees long- 
term expression without toxicity- Retroviral vectors based on 
the Moloney nrurioe leukemia vims (MLV) have been the 
most commonly used vectors for gene transfer into the host call 
genome because they can be rendered replication incompe- 
tent, they stabVy integrate into the host cell genome, and they 
do not express any viral proteins (6, 47> However, gene trans- 
fer to the central nervous system, targeting a large majority of 
neurological diseases, requires the transduction of terminally 
drf ercotiated neurons. Postmitotic neurons are generally re- 
fractory to stable infection by retroviral vectors, which require 
the breakdown of the nuclear membrane during cell division in 
order to insert the transgene into the host cell genome (44). 
Lentivirus vectors based on the human inimunodeficiency virus 
(HIV) represent a mote complex form of retrovirus that can 
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infect and stably transduce dividing as well as terminally dif- 
ferentiated cells (49, 50) (Fig. 1). High-titer lentivirus vector 
stocks are obtained through transient transtection protocols, as 
described for retrovirus vector (51, S3). The stability of the 
viral vector preparation during concentration and the range of 
perceptible target cells ate increased by pseudotyping the leo- 
livirus vector with the envelope G protein of the vesicular 
stomatitis virus (VSV-G) (8). 

We have injected highly concentrated lentrviros vector 
stocks into the striatum and hippocampus of adult rats and 
determined the level of traosgene expression for up to 6 
months as well as the transduction efficiency. We used modi- 
fied stereologieal methods to allow comparison among the 
HIV adeno-associated virus (AAV)* adenovirus (ADV), and 
MLV vectors with respect to the duration and patient of trans- 
gene expression. Modification of the leutrvirus vector prepara- 
tion by adding four decutynucieowde triphosphates (dNT^s) in 
vino results in increased infectivity in vivo, whereas mutations 
in intcgrase or nuclear localization signal significantly decrease 
the efficiency. 

MATERIALS AND METHODS 

ftumidr nd %ir*l rector cfisstractitm, The lennvirro vector wai produced by 
cotrantfecticm dL human kidney 233T crib wkh three phsmid& by using the 
methods of Par el >L and NsviKK 0 aL (5V S3). Coo*nrc^ of tbo lonUvi«a- 
dertved phwoid (pflOOCMV) driven by th* human cytomcgnkmns (h<MV) 
pHBDotex wrjifiE die traiu^cne forft-s^laetostti* (P-Gil) or gi*e» fluoreaocnt 
protein has been desoftwd (49, 50). In the pHR"CMV phumld large partkmfl of 
ue aslope cndiasseaueiicEim 

Jmtmnu vector was genacaUed by mtroductiOT of n single defect into the entft- 
tytk domain r«^mt&4a-vauDC change at position 64) of intagw» 06, 49). The 
p*±apux pkumid (pCMVAFR-2) prorided att vector proteins driven by the 
hCNfV promoter bvt the envelope protein; the envelope protei n wh encoded by 
the third ptetrud (pMD.O), which provided the hctcrologDc* vescular stomatitis 
Tinw envelope. The padc*gm« pUairid nmtatiofi m the Vpr-^natrit nodcar k>- 
ctlizaiktt si^ial complex (Vpr/MA NLS) w achieved by transferring the eor- 
TBvemSss region of the MA^AVpr proviial DNA Into the parental plasmid 
QAV&R&2 (24, 49), The bCWV pron«=r dih« the VSV-G rca&ng team*. 
Viral vector generation was obt***] by oc^rwrfection of293T cdb 00 )0-cta 
pku» with 15 H g of pOlVARBi 30 « «T etmcr pHR'CMVTacZ or 
pTHWCMVOFP (peen fluotomi pfotein), snd 5 fig of pMD.G by cakiitm 
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phosphaje piecipUatioo (13). After 62 h the contfilicmcd medium was harvested, 
low-speed ctnUiftigcd, and fftered through a 0.45-tun-parc-OTe fil ter. p24 anti- 
gen wad detected with wn enzyinc -tinted imronDcraarbcat *««y kit (Dupont). To 
obt*m titen or the rtraJ ve<*ur rtocki, fibroblasts (2QRF)werc transduced with 
icri»Wy diluted supernatant- ATtnr medium change and further incubation for 
36 h, tne expression of B-Qal was scored by 5*too»4<hlQTi>*biilnt^ p-P- 
galictowle (X-Gal) <^a<Hng r Further vector conccntratian was achieved by «1- 
tracentjifagatjon atSOOOO X f for W mto, reuuspenska faTrte-boficmJ valine 
(TBS) **»ntBhmi C 10 mM VigO* pooling, and meubados with amd without the 
four dKTPs (OA B*M rarh), 3 mM spermine, ami 03 mM spemridinc for 2 h at 
37*C. After the second uhraccntrifogatiop the pellet was TOospended in sterile 
saline with 2 »ig of Potybrenc per mL The Ml-V-hfcttd ^^^^xprwiiig v«tor 
wan Similarly gcneotled- nLZHT «*lfl «ld paoMlotyped^rt^thc VSV^ScA^flpC. 

The adcnovirwt sector was a sccoiid-gc Deration vector (17), and fr-Gad-cxpnaa- 
mg kdenxy-asRocatcd virus vector was a generous gitt from Socnatw (ALuueda* 
r»«r) The transpene expressing p-Oal was drncn by the bCMV promoter. 
Every viral vector (HTV, HTV mutant, AAV. ADV, ML-V)w*s tested to 206F 
fibroblasts in six serial diwtiona or viral vector stock (1 to 1U~ C of vector per 
writ) and tbc virai tiler was determined by co unt i n g the Dumber of fori or 
X^GaUsmtaining Une rrrhH per «aB divided by the dnobm factor. 

For safety purposes every nisgift batch of lenrrvirus vntor was tested far (he 
absence of replication-competent vital vectors (12). 

In vWo cxperiojBits. Adult female Fischer 344 cat* were anesthetized intra- 
mu'scaJjcrly (44 nag of ketannac per kg of body weigh!, 0.7S mg of aceprwwine 

per kg, and 4 mg of ay taxinc p6t kg in 0.9% N«0),and2 *J Of the vliaNector 

concentrated nock (2 * 10* to 4 X 10* transducing unite PTUltaO injected 
into the striatum (anterior posterior [AF], -4-0JZ; medial lateral \ML\, ±3J5; 
donnl ventnd [DV\ —4^) and the hippOCamrms (AP, -3^; ML, ±3jQt DV f 
—4.0) btbaersi^-wttfa a 5^»d HzfiultCffi gyr^y;. After Z 6, 17, and 24 weeks the 
animals were and per&sed intracardialty with safety 4% paraformal- 

dehyde, nod 1X2% gluiaraldetiydB. The bratiM were rawvtd, ptutfimd, and 
fnvtmr^ed in 30% S4icrtnt- Thr brains "were then frozen vui sectioned on a flllrttag 
(nicrotomc ioto 5D-|ud nSc^lPrixnary antibodies raised in three different speetes 
were pooled in TBS with 10% donkey actum and 03% Truro X»1Q0 and men- 
bated for 48 h at The antibody for p-Gal (rabbit polyctonal antibody 
I Cortex, Jrvkfc, Cafit); 15,000) was cambmcd with two of the following anti- 
bodies: NeuN (mouse nvmnrKmal antibody (gecerous gitt of K. J. MuUhv^ 1^0), 
OFaP (guinea pig poiyc&xnaJ antibody [Advanced lfnmnnor4iemicah]; 1^50), 
EDI, QXS, CD4 (mouse manodona] antibody [Qiemlcoat 1"*1«000), tyrosine 
hydroxylase (moose nranodoaal antibody fCuemicon]; L2JD00), Char (goat poty- 
dopal antibody fChemkon^ L300). jw*d RJP (mouse nrtnoetooal antibody in 
TXlbecco modlhad Eagle meditim supcxDaUnt (generous gift of S. HocfcficWfc 
1:20). Sections were washed and blocked in TBS with donkey serom. Corre- 
sponding secondary r"**"" 1 " (donkey attb-ttouae Wottn, donkey anti*rabbtt 
Uuorescem teothajcyanate, donkey antl^tiifiea pig CyS, and donkey anti-goat 
Cyj fJacbwn, linnunioREseafeh, West Orove, Pa-t 12S0) were poofcd. and 
irniftnmyTr intubated far 2 h at room tenrocratart.. fbilowcd by washing in TBS 
and 2 h of Incubation at ram temperature in streptavidis. Cy3 or strcptavkfin 
Tem> rsd to TBS (1250; Jtcteoo). The sections were anaryzed by wnXocai 



^nin C laser mfcrascopy (Bk>*ad>. The algnab were cofort frt , (figita»y eotor 
enhanced, and wpeow po sp d. ^ 

Every sixth secdnn through the braiD was stamed hngumafaptoche mieany tor 
p-Gai The nnmbcr of positive cdH in the etriotum was onantined by a modified 
SterartogieaJ proccdnic. The protBe of the striatum £ur each section w aadctu - 
lidned in a systematk, tinHprm random ounncr apptyins the optical disseoor 
procedure <54, 60), which provides a numeric ceU denary (ctlla per a rea). T he 
volume of the fttriatal ta)ectiaD *ftc, vrJQi tte midpoint of the sample centered at 

this iigccliOin dtC, w» Olcsam 

nature of transduced cetbs rxiplc4abekd sections were ttanned with the cxaifocal 
batr microscope, and a TepTeaeffltarrvc sample Of U0O transduced ceSSa was ex- 
amined for cotoCbhzatlon of O^Gal wirh cither NenN or GFAP, The bilateral 
injection rites were pooted^aswere those of the coTT rs p rtn^ S grotrpa (2, 6>12 > 
and 24 weeks), and the rcsfdt was eiuji,eS3cd as the pcrcepta^ of pMSaRranv- 
duccd celk that wcic NecH po&ittK. Date were analyzed with Son_ViOW A0i for 
Macintosh and mulbv/ay anafyids of variance (ANOVA)> followed by a Fisher 
post hoc test < 0JJ5)- 

RES57LTS 

Sustained transgcsie exprextaa. Two miciolitcrs of dte» 
matrhed vector stocks (1 X 10* to 3 X 10 8 TU/ml) were 
injected into the striatum and hippocwrzfwis, and tracsduction 
was evaluated 2, 6, 12, and 7A weeks later. light-microscopic 
evaluation of the 32 striatal snjectioo sites (SIS) showed trao$- 
duced, p-Gal-po5itrvC cells tn every lentrviros vector SIS The 
cell spread around the injection site fot the leatrvirus vector 
group was 3 to 4 mm, with 30 to 42 positive sections throughorut 
the stri&tnrjo (Ft^ 2, top panel)* To ohtaio oonrparaWe data we 
used modified stercologkal tDcsrhods to evaluate the txarjs- 
duced-cell area volume* providing data about vector spread 
add cell density and determining the number of cells ilk the 
reference areas. The 32 hippocampal injection sites were ex- 
cluded from the quantitation because of the wide and variable 
spread of transduced cells along Amnion's bom (Fig. 2, bottom 
panel). The average vofume of the transduoecV-ccll area around 
the SIS for the Icntrvirus vector was 9.0 nan 3 (standard error of 
the wjcan [SEM]> ^1^ nun 3 ) (Tig. 3A)» with no decrease over 
the 6 months. The cell density by area count was 2,736 cells 
(SEM, ±2fi0 cells), equally stable over tunc (Fig. 3B). Trans- 
ductkw-cell area volumes and ceU densities for ei^bt striata 
injected with ther-matched AAV vectors (33 mm 3 [SEM, ±0.7 
mm 3 ); 241 tells [SEM, 2:42 cells!), * 6 injected with 
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FIG- 2. (Top) Series ol 6&C of sU coronal sections (50 »m) c£ a »»gle *** 
brain amla trinity injected with 2 pt of lentmres vector expressing green fluo- 
rescent p^>iem (GFP) 6 weeks after injection. There k spread of tntosdueed 
Striatal crib over mn acctiaBS la ibe metta! striatum. wbrontrfcular zone, and 
corpus caltawm. Ljcm-dAgnl&catioB image* of hmrartttl sections (50 jun), triply 
boded foi P-G»l (pw> NetiN (red), and GFAP (Hue), of typical HIV vector 
and p-Gal injection site* 6 mnnthi aJUcf injection arc shows. (feottom) Confoo* 
mkroKCDp> of barimntal sections (50 pm) of hippocampal injection sites of the 
lentjvinu v=*or 12 weeks after injectum. Triple tabcbnp fox B-Gai (gtcca); 
Mc\jN (red) and OFAl* (btac) was vsccU Tiurro i» ar&ttificant spread of traxutxuCfccl 
teib along Amnion's horn tar from the original injection site. 



AD V vectors (3.9 mm 3 [SEM. ±1.7 mm 3 ); 938 alls [SEM, ±42 
cdk]), and 16 striata injected with MLV vectors (03 mm 3 ; 55 
cells) wtrt significantly lower than in the leutrtftrus injections, 
with the exception of those obtained by the ADV vector at the 
6-week time point- However, the small number (eight) of i&- 
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jeetjon sites evaluated for toe AAV vector piechided tether 
statistical analysts. The low cell density for the MLV gropp also 
disallowed further statistical analysis. No cells eapieeskig the 
tnuisgene could be detected 6 weeks postinfection with the 
MLV vector. Brains injected with the adenovirus vector (16 
SIS) showed a peak of transduced cells and volume 6 weeks 
costmjeetion, with a rapid decrease of cells expressing the 
transgene at late time points. Among the control vectors, only 
the AAV vector was able to staWy transduce cells for up to 6 
months; however, the tiansd\Ktion-ccll area volume and the 
density of ^Gal-expressing cells were low (Fig, 3A and B), 

Characterization of transduced target cells. The relative 
proportion of trausduced-ceP types in the striatum was deter- 
mined by immunomiOTe*ce»ce staining for a neuronal specific 
marker (NeiiN) that labels terminally differentiated neurons 
(46V glial fibrillary acidic protein (GFAP) as a marker fox 
astrocytes, as well as additional markers for either tyrosine 
hydroxylase (TH) ot cholme-ftP^ltransferase (Chat), The RIP 
antibody was used to label c4ige»deadrocytfis and Schwanncelte 
(30V The triple labeling and confocal evaluation showed W.79& 
(SEM, ±25%) of cells labeled with NeuN by the bntrvhus 
vector compared to 66.7% (SEM, ±3.0%) for the AAV vector 
and 483% (SEM, ±6.6%) for the ADV vector. This ratio 
remained constant over 6 months (Fig. 3C). In the brains 
injected with the MLV vector no double labeling with NeuN 
could be detected, contaning the inability of the MLV-based 
vector to transduce tetminaliy differentiated ccBs (Fig. 4). Ad- 
ditional immuttofluorescence staining of these brains showed 
smaller, highly branched, transduced cells that were frequently 
doable labeled tor RIP or GFAP, which is characteristic of 
oligodendrocytes and astrocytes transduced by the MLV vector 
(data not shown). 

Immune response to viral i<dor injection fat vivo. Wc ex- 
amined injection sites of ell groups at every time point far 
invading lymphocytes, macrophages, and astrocytic prolifera- 
tion to evaluate the immune response in vivo. Two weeks after 
injection, invading lymphocytes and macrophages could be 
found in injection sites of oil viral vector groups, an extent of 
infiltration identical to that seen in saline control injection 
sites. We interpret this to retnesent the reaction to the me- 
chanical trauma caused by the injections. No further infiltrate 
was detectable at 6, 12, and 24 weeks in the MLV, AAV, and 
HIV groups, and transduced ceOs appeared normal in size and 
healthy. However, animals injected with the adenovirus vector 
displayed a significant invasion of OXE-pcsitive T-cytotoxic 
precursor lymphocytes, fewer CD4 berper-T-ceU precorsois, 
and HDl'poshfve macrophages at all time points. This inflam- 
mation was accompanied fay flignrhcant tissue trauma as evi- 
denced by changes in morphology and cell loss in the area of 
the injection (Fig. 5A to Q. EDl*«q>ressing macrophages and 
microglial cells were scattered throughout the striatum and 
hippocarnpiEs, and T-ceH infiltration of both GD4~ and OXB- 
expressing lymphocytes was found, especially at the 6-week 
time point, which corresponds with peak transgene expression 
in the ADV group. We could not detect similar persistent 
immune responses to the vector or transgene product (p-Gal 
or green fluorescent protein) in the HIV, AAV, and MLV 
groups. 

Delineation off parameters uf vector txBnsductiQB. Low con- 
centration of the four dNTFs in noa dividing cells like neurons 
is a limiting step in retroviral infection. To investigate the in 
vjvo effect of pietreatment of the viral vector stock with the 
four dNTPs, SIS were exanuncd 2 and 6 weeks after injection. 
Because our previous results show consistent transgene expres- 
sion over time (Fig- 3A and B) with no statistically significant 
difference between the 2- and 6-week time points, we pooled 
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the data for bath time points ($ix SIS of three animals with hvo 
SIS each)* Each viral preparation was diluted to match the 
amount of p24 antigen injected in 2 pi of vims preparation. 
Animate injected with dNTP-pretreated ienttarus vector 
showed a larger volume (9.0 mm 3 ; SEM, ±1.4 mm 3 ) and 
higher cell density (2,706 cells; SEM, ±270 cells) than animals 
injected with vims vectors without dNTP pretrcatmcnt (4X) 
mm 3 [SEM, ±0j6 mm 3 }; 1,478 cells (SEM, ±214 cells]), al- 
though the difference was not statistically i^nmcant (Fig, 3D 
and E). 

Tbe Vpr/MA NLS mutant Itatrvirus vector, m which both 
Vpr and tbe MA NLS were inactivated, Etffl allowed the trans- 
fer of the transgene into the target cell but with less efficiency, 
based on the volume of 2-0 mm 3 (SEM, ± 03 mm 3 ) and the cell 
density of 509 (SEM, ±42 cells) transduced cells in the stria- 
tum (Fig- 3D and E). The mutation in the catalytic domain of 
integrase resulted in a dramatic decrease Jn cell density (0.5 
eclfc; SEM, ±037 cells) and in the: volume (0,006 mm* SEM 
±0.004 mm 3 ) of tbe traksduced-cell area. For tbe integrase 
mutant vector, only single cells around the injection site could 
be detected, and therefore a statistical evaluation was not 
possible due to the low total number of transduced cells per 
injection she. Wc conclude that integration of lenthirus vector 
is essential for expression of the transduced gene, 

Retrograde transport Many cells of differing pcuroaal sab- 
types expressed 0-Gal at each of me primary injection sites. 
However, fH3h1 activity was also detectable in distant second- 
ary brain areas. Fibers labeled for fl-Gal were found in tbe 
nigrostriatal pathway, and p-Gal-positive cells double labeled 
for NeuN characterized neuronal cells in the substantia nigra 
(5N) and ventral tegmental area ipsUatcraUy. Farther staining 
with antibodies revealed cells expressing tbe p-Gal transgene 
and tyrosine hydroxylase in the SN" compacta, which is charac- 
terized by dopaminergic cells, as shown by conf ocal microscopy 
(Fig. 6), suggesting that a few vectors were transported to areas 
distant from the injection sites. 

DISCUSSION 

Our data support the in vitro findings that the tentrvims 
vector is able to transduce efficiently and stably in vjvo without 
a detectable decrease of transgene expression over time. Ibis 
finding is in contrast to the findings obtained with retroviral, 
vectors based on tbe Moloney murine leukemia virus, which 
were able to neither transduce terminally differentiated cells 
nor express transgencs on a long-term basis in vivo (52, 59, 61)> 
as shown by previous studies with grafts of ex vivo-rjfarjsduced 
and selected cells. Although cell* exhibited long-term survival, 
a low of transgene expression was observed (15, 52). Perhaps 
the ientiviruses allow insertion of tbe viral gene into chromatin 
domains that are permissive for long-term transgene cxpres- 
son (69). 

The low cell density and transduction volume associated 
with the AAV vector, although contrary to the findings of 
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Kaplitt and others (31, 37), cootkm recent reports thai reveal 
a significantly lower twsdnction efficiency of AAV vectors in 
primary cell cultures compared to that for retroviral infection 
(5, 45). Tbe vast majority of AAV vector DNA does not inte- 
grate, and the vector-derived message parallels the low trans- 
duction efficiency (7&, 3A\ HerpeT viral fanctiottt provided by 
adenovirus play an important role in the AAV life cycle, spe- 
cifically in second-strand synthesis (19, 27, 57, 58). 

The limitation in long-term transduction by adenovirus vec- 
tors that we observed was in accordance with tbe findings 
presented in a broad number of publications (2, 3, 30, 62). Tbe 
immune response as well as the inability of adenovirus vectors 
to stably integrate the transgene into the host cell DNA resorts 
in transgene expression for only 6 weeks. 

The difference in tbe percentage of neurons transduced by 
tbe lentivirus vector and by tbe other viral vectors examined 
may be the result of differences in the envelope protein as well 
as an effect of tbe promoter driving the transgene (tbe bCMV 
promoter). Tbe host cell specificity of retroviral vectors can be 
broadened by replacing the ecotropic or amphotropic envelope 
protein gene with the VSV-G envelope protein gene of rhab- 
doviruses (8, 43, 65, 70). These pseudotyped viral vectors do 
not exhibit a preference for infection of a particular cell type in 
vitro (42, 55), possibly due to a wide expression of cell surface 
receptors recognized by the envelope G protein. 

The significant prevalence of medftin>«ized striata) neurons 
transduced by the lenUvrral vector h> our study, as opposed to 
astrocytes, oligodendrocytes, and microglia cells also present in 
the striatum, may be due to an additional effect of tbe VSV-G 
envelope protein and/or preferential expression from tbe 
hCM V promoter in neurons, as already shown by Baskar et al. 
for transgenic animals (4). The MLV viral vector was also 
pseudotyped with the VSV-G envelope protein and utilized 
the hCMV promoter to drive transgene expression, but due to 
hs inability to transduce non^rviding cells, expression was lim- 
ited to glia. 

Studies on adenovirus gene therapy showed that the immune 
system prays an important role m determining tbe durauon of 
expression of the traoagene from adenovirus vectors (9, 11* 32, 
6$). T-cell infiltration of cytotoxic T ceUs (OX8) as well as 
activated CD4 (0)4) cells in adenovirus vector-injected brains 
and livers reflected the immune response to adenovirus pro- 
teins expressed by the boat cell (9-11, 17). Our results confirm 
that retroviral vectors (MLV, HTV) as well as tbe AAV vector 
(66) do not generate a significant immune response and sub- 
sequent loss of transgene expression in vivo. Long-term cellu- 
lar immune response to &-Gal, the transgene product (as 
shown by repUr^iioiwlefectrve herpes simplex virus [7]), or 
green fluorescent protein in tbe HTV, AAV, and MLV groups 
was not observed. 

Reverse tnmscription of retoovirai genomic RNA in the tar- 
get cell is one of the limitmg crJrnlaT factors m retroviral 
infection. Recently h has been demonstrated that reverse tran- 
scription can be improved by increasing the extracellular con- 



FlC- 3. (A) Volume of the area containing tr»a«hie«l eclb (mo 3 ). The route obtain**! by ANOVA of the transdnced-ceQ arc* vofcime tfl eight SIS forth* HTV 
waor (four animal*), two SIS for the AAV vector (ode animal), four SIS for uw ADV vennr (two animals), and four SIS for tbe MLV vector (two animals) at 
time point (2, 6, 12, o&d ?A vet**) are ihown.Thc AAV vector iuaJ to be excluded from snrasbcrf evaluation because of the BB»Snwa^otiiq«*i«M (ANOVA and 
Fisher's procedure For least squares difference;/^ (US). (B) Density ot transduced celfc. The cell density erf the leouvirw qgm'fimtfr different bom tbe 
control MLV (P - 0.D09S), AAV (P - MOM), and ADV (F » 0DQ22) vector, at all time point* evaluated (ANOVA and Fnber> FLSO). (C) Analysis of transduced 
eelb capreffimg B-GaltfcU aUoepiett NeuN, a marker for tenoinaUy differtntlaied neurons. Results are pvm tie pcreeflt*€e ot the total wether tfMJal-positfoe 
ceas that detected by enutoeaJ microscopy. There to a agnifa=*Pi daterentt between the lentivirus and the ADV (p - 0.0006) asvrcrl u tbe AAVvcciora(?» < 0.0001; 
ANOVA and Fwbeirt) FLSD>- Vohnne of the area containing transduced rrfk (fJ) and denary of transduced cells <E)- Infertcuon bin for transduccd*cc tt area volume 
and cdl bcuAft for the integrase, Vpr/MA NLS motmt oh***! compared to the wild-type IcnrrvinK vector fwt(*dNTff>| arc *bow* The NLS mutant nxtoca 
transduction eJ&oency lign&eaflUy compared to the wiid-tTpe h*t(-dNTP)} vims vector. The integrate mutant data are based on very few detectable ecu. Improved 
effldency o( tiansductKm in vivo with dNTP prctrealnenl (+dNTP) wi* appmrml but did not reach tfattsiical mgnifcmc* ( ANOVA «*d FUher- B PLSD; P < 0X15). 
*, state ticaQy nenifiewt, 
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FIG. 4. In vivo tranirtnfKftn of adult ret central pertmi system cdU Cocfocri nricnacopc ptours of grtiona of p^GaPcamcwig crffc^tonaitogd ty the BOY, 
AAV, ADV, and MLV vcetOtt, AIC ahowu. hnmoDofluoncctfiet asking for tht Tcpqrtc? gene product p«Oal (gK*tt)> tbc iwnw|ien&E milker NetiN (ttrf), QIC glial 
fibrilUiy aadk pmtciti OFAP (blue), md their nvgUp are shown foe i t p ic«c ttU Hi « i areas. 



ccntiatioii of dNTPs prior to infection of the cell (26, 39, 41, 
56). The expression of transgenes was increased approximately 
10-foW by ptetreatment of the virions with dNTPs in vitro (71). 
Low dNTP concentrations in quiescent cells, such as terminally 
differentiated neurons in the central nervous system, arc con- 
sidered to be responsible for the inefficiency of retroviral in- 
fection id vivo (26, 41). Cbmpanmentalization of the dNTPs in 
dividing cells is also believed to limit dNTP Availability for vital 
DNA synthesis (38, 39, 56), although the promotion oi reveise 
UansctiptkM by in vitro exposure to dNTP was shown to be 
more pronounced in nondivkling than in dividing cells (48). 
However, the transduction efficiency of the lentivirus vector in 
our experiments did not show statistically significant improve- 
ment with dNTP pTetxeatmen t 



The main difference between lentivirus vectors and the con- 
ventional MLV-bascd vectors is their ability to transduce ter- 
minally differentiated celk This reflects the recognition of the 
uncoated tennvirus nudcoprotein complex by the cell's nuclear 
import machinery and the active transport through tbc nudeo- 
pore (23-25, 40, 64) (Fig. 1). As expected the Vpr/MA NLS- 
defecuve lentivirus vector, in which Vpr and other kaiyopbilk 
proteins involved in the nuclear translocation of the pteinte- 
gration complex were inactivated, is less effective in the trans- 
fer of the transgeoe into target ecus, and elimmatian of inte- 
grase activity via mutations in tire catalytic domain of integrate 
rfiminwtgft transduction altogether. Recent results suggest that 
integrate pot only mediates the integration of viral DNA into 
the host cell genome bat is also involved in its transport to the 
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ftQ. S. lamnwe response in HIV vector- and ADV Pc^^mccted biains.lmmuaohiateABiik3l detdinn nf frwyhaqn** atri m^orytm^^m^ a» kfrri** 
6 -weeks after thja»l ipjcctioa of HTV tettd ADVvgHnB shqtnu CTK tmphoevtea fatal) invade the farjeakm site tor tte AnrVvrrtftr, fanring «y few wlh r^t ^rtt^ th<s 
B-Ga! transgcoir (Rrceti). Chofoogie aetirons arc tfadoed for Out CWoeV A large number of OXftpoRtn* cells (red) io the ADV wctar site auppwea* to a single OXB 
^mphocytc in the HIV vector site were faumL Macrophages and znioogUat cells (r«0 m the injection tract arc «p*Hfn- to HIV. and ADV-tranxtoced odb (green). 



nucleus. In the absence of mtegrase the HTV nncleoprotein 
complex lacks karyophilic potential (24, 25). 

Transgene expression in a secondary area as a consequence 
of retrograde transport of the virus has been reported with 
repticatiotMumpromised (14) and repucattng herpes simplex 
viruses (2, 18, 29, 67) and with repHcation -deficient adenovirus 
vectors (35, 67). The uptake of the vims at the striatal synapse, 
retrograde transport of the viral KNA, and subsequent stable 
integration into the genome of the Recondaiy-arca neuron re- 
suit in stable expression of the transgene. The limited number 
of ccUs detected in secondary areas following the single injec- 
tion of 2 ul of lentivinis vector into the primary areas, com- 
pared to the results obtained following infusion of rather large 
volumes of replicaiioiw»mpetent self-amplifying vectors (ad- 
enovirus or herpes simplex virus), reflects the lesser degree of 
retrograde transport that occurs with a replication-deficient 
vector. In the present study wc have shown that the Digrostri- 
atal pathway is susceptible ta lcntivirus manipulation. A com- 
bination of transgene expression in primary injection areas and 
hi secondary projection areas via retrograde transport may 
allow transduction of cells in target regions that arc difficult to 
approach directly. 

The central nervous system offers unique conditions for viral 
gene transfer, either direct transfer or indirect transfer via 
retrograde transport The high differentiation and specification 
of brain areas frequently require only -low levels of transgene 
expression to compensate for dysfunctions or to add and re- 
place proteins, like dopamine in the Parkinsonian brain, at low 



levels. The btood-bnuo terrier not Only protects the brain from 
extensive immune reactions but also allows regional transgene 
delivery. Many features make retroviral vectors a good choice 
for gene transfer in vivo- Most importantly the mtegrarion into 




FIG. 6. Retrograde cataport. Imigtt; Obtained by ctrofocal microscopy of 
borizofital sections thjou^ti the fonmj **— *i* £ nturth* <iftex struts! injection with 
bottoms vector spiessing B-G»l (£reen) are shema. The reporter gate fa de- 
tectable in the nigroetriatal p&throv, with -processes in the SN eompJtcia aad tott 
ceBi in the SN cuiupactB expressing the tnungepe and tyrosine bydrosytaae (reef). 
Counter staining ■with Quit, ""^f choti&trgje hbujoxb (bine), is tkm. 
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the target cell genome is efficient THc only othox integrating 
viral vector derived from AAV is not efficient and does not 
appear to integrate into the host ceil genome (34). Lentivirus 
vectors provide an efficient vehicle to stably integrate trans- 
gtjoes into dividing and ooodivjdtcg cells vrithont toxicity and 
immune response and with a stable high level of transgene 
expression over 6 months in viva 
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